It is believed that neurosteroids are produced in the brain and other nervous systems. Here, we show that allopregnanolone (ALLO), a neurosteroid, is exceedingly produced in the pineal gland compared with the brain and that pineal ALLO acts on the Purkinje cell, a principal cerebellar neuron, to prevent apoptosis in the juvenile quail. We first demonstrated that the pineal gland is a major organ of neurosteroidogenesis. A series of experiments using molecular and biochemical techniques has further demonstrated that the pineal gland produces a variety of neurosteroids de novo from cholesterol in the juvenile quail. Importantly, ALLO was far more actively produced in the pineal gland than in the brain. Pinealectomy (Px) decreased ALLO concentration in the cerebellum and induced apoptosis of Purkinje cells, whereas administration of ALLO to Px quail chicks prevented apoptosis of Purkinje cells. We further found that Px significantly increased the number of Purkinje cells that expressed active caspase-3, a key protease in apoptotic pathway, and daily injection of ALLO to Px quail chicks decreased the number of Purkinje cells expressing active caspase-3. These results indicate that the neuroprotective effect of pineal ALLO is associated with the decrease in caspase-3 activity during the early stage of neuronal development. We thus provide evidence that the pineal gland is an important neurosteroidogenic organ and that pineal ALLO may be involved in Purkinje cell survival during development. This is an important function of the pineal gland in the formation of neuronal circuits in the developing cerebellum.
It is believed that neurosteroids are produced in the brain and other nervous systems. Here, we show that allopregnanolone (ALLO), a neurosteroid, is exceedingly produced in the pineal gland compared with the brain and that pineal ALLO acts on the Purkinje cell, a principal cerebellar neuron, to prevent apoptosis in the juvenile quail. We first demonstrated that the pineal gland is a major organ of neurosteroidogenesis. A series of experiments using molecular and biochemical techniques has further demonstrated that the pineal gland produces a variety of neurosteroids de novo from cholesterol in the juvenile quail. Importantly, ALLO was far more actively produced in the pineal gland than in the brain. Pinealectomy (Px) decreased ALLO concentration in the cerebellum and induced apoptosis of Purkinje cells, whereas administration of ALLO to Px quail chicks prevented apoptosis of Purkinje cells. We further found that Px significantly increased the number of Purkinje cells that expressed active caspase-3, a key protease in apoptotic pathway, and daily injection of ALLO to Px quail chicks decreased the number of Purkinje cells expressing active caspase-3. These results indicate that the neuroprotective effect of pineal ALLO is associated with the decrease in caspase-3 activity during the early stage of neuronal development. We thus provide evidence that the pineal gland is an important neurosteroidogenic organ and that pineal ALLO may be involved in Purkinje cell survival during development. This is an important function of the pineal gland in the formation of neuronal circuits in the developing cerebellum.
steroid | melatonin | HPLC | gas chromatography/mass spectrometry T he cerebellar cortex has been used as an excellent model to study synaptic formation and transmission of neural networks because it forms relatively simple neuronal networks compared with those of other brain regions. The Purkinje cell is a principal cerebellar neuron that integrates the process of memory and learning. It is known that in birds and mammals pinealectomy (Px) induces cell loss in the brain including Purkinje cells during development (1, 2) . This observation suggests that a certain component(s) in the pineal gland contributes to Purkinje cell survival during development.
It is now established that steroids can be synthesized de novo in the central and peripheral nervous systems. Such steroids are called "neurosteroids," and de novo neurosteroidogenesis from cholesterol is a conserved property of the vertebrate brain (for reviews, see refs. [3] [4] [5] [6] [7] . The Purkinje cell is known as a site of neurosteroidogenesis in the brain (for review, see ref. 8 ). This cerebellar neuron produces progesterone (PROG) and estradiol-17β (E2) de novo from cholesterol during neonatal life, when cerebellar neuronal circuit formation occurs. Both PROG and E2 promote dendritic growth, spinogenesis, and synaptogenesis via each cognate nuclear receptor in the developing Purkinje cell (9) (10) (11) . Allopregnanolone (ALLO; 3α,5α-tetrahydroprogesterone), a progesterone metabolite, is also synthesized in the cerebellum and facilitates Purkinje cell survival in the neonate (12) .
Until recently, we believed that neurosteroids are produced only in the brain and other nervous systems. On the basis of our previous study of chickens (13) , however, the pineal gland may be a major organ in producing neurosteroids de novo from cholesterol.
We thus hypothesized that pineal neurosteroid(s) may be involved in Purkinje cell survival during development.
In the present study, we first demonstrated the biosynthetic pathway of neurosteroids in the pineal gland of quail. We found that the pineal gland of quail chicks exceedingly synthesizes ALLO compared with the brain. Px decreased ALLO concentration in the cerebellum and induced apoptosis of Purkinje cells, whereas administration of ALLO to Px quail chicks prevented apoptosis of Purkinje cells. Administration of ALLO to Px quail chicks also decreased the expression of caspase-3, a key protease in the apoptotic pathway, in Purkinje cells. Thus, ALLO rescues developing Purkinje cells in the cerebellum from apoptosis. Our results further point to a role of pineal ALLO in preventing the death of developing Purkinje cells.
Results

De Novo Pregnenolone Formation from Cholesterol in the Quail Chick
Pineal Gland. Because pregnenolone (PREG) formation is the first step in steroid synthesis (14, 15) , we first investigated whether the pineal gland synthesizes PREG from cholesterol de novo. We used pineal glands of male juvenile quail of posthatch day 7 (P7). Steroidogenic acute regulatory protein (StAR; gene name StAR) delivers cholesterol to the mitochondrial cytochrome P450 sidechain cleavage enzyme (P450scc; gene name Cyp11a) that produces PREG. Reverse transcription PCR (RT-PCR) analyses have demonstrated the expressions of StAR and Cyp11a mRNAs in the pineal gland ( Fig. 1 A and B and Table S1 ). The amplified cDNA bands from the pineal gland were sequenced, and it was verified that they were authentic fragments of StAR (GenBank accession no. NM204686) and Cyp11a (GenBank accession no. NM001001756).
To investigate PREG formation from cholesterol in the quail pineal gland, pineal glands of male chicks at P7 were incubated with tritiated cholesterol as a precursor, and the radioactive metabolite was analyzed by reversed-phase HPLC. As shown in Fig.  1C , a single radioactive peak was detected, and it exhibited the same retention time as that of tritiated PREG, a reference standard, under the same chromatographic condition. The radioactive peak corresponding to PREG increased in a time-dependent manner from 0 to 24 h of incubation (Fig. 1C) . In addition, 50 μM aminoglutethimide, an inhibitor of P450scc, reduced the amplitude of this peak (Fig. 1C) .
PREG synthesis in the pineal gland was further demonstrated by gas chromatography/mass spectrometry (GC-MS) as described previously (16) (17) (18) (19) (20) (21) . Heptafluorobutyrate derivatives of the authentic PREG and the metabolite of nonradioactive cholesterol were prepared and applied to GC-MS analysis. On the basis of GC-MS-selected ion monitoring (SIM) analysis [mass/charge (m/z) 298] (16, 17) , it was confirmed that the metabolite had a retention time that was identical to PREG (Fig. 1D) .
Immunohistochemical (IHC) analysis using anti-human P450scc antibody was conducted to analyze the cellular localization of P450scc in the pineal gland. To confirm that this antibody recognizes galliformes P450scc protein, we first performed Western blot analysis on the extracts of COS-7 cells transfected with chicken Cyp11a cDNA. A single immunoreactive band (60 kDa) was detected (Fig. 1E) . When the pineal gland extracts were analyzed, a single band (60 kDa) was detected at the same position (Fig. 1E) . This band disappeared when the antibody was preadsorbed with chicken P450scc protein (Fig. 1E) . Clear P450scc immunoreactivity was also observed in the cells forming follicular structures in the quail pineal gland (Fig. 1F) . No immunoreactivity was observed when anti-P450scc antibody was preadsorbed with chicken P450scc protein (Fig. 1G ).
Neurosteroid Formations from PREG in the Quail Chick Pineal Gland.
To investigate the biosynthetic pathway of neurosteroids in the pineal gland, pineal glands of male quail chicks at P7 were used for RT-PCR analyses to demonstrate the expressions of steroidogenic enzymes, such as cytochrome P450 7α-hydroxylase (P450 7α ; gene name Cyp7b), 3β-hydroxysteroid dehydrogenase/Δ 5 -Δ 4 -isomerase (3β-HSD; gene name Hsd3b), 5α-reductase (gene name Srd5a), cytochrome P450 17α-hydroxylase/c17,20-lyase (P450 17α,lyase ; gene name Cyp17), 17β-hydroxysteroid dehydrogenase (17β-HSD; gene name Hsd17b), and cytochrome P450 aromatase (P450arom; gene name Cyp19). RT-PCR analyses showed cDNA bands of Cyp7b, Hsd3b, Srd5a, Cyp17, Hsd17b, and Cyp19 (Fig. 2 A, D , and G; Fig. S1 A and D and Table S1 ). The amplified cDNA bands in the pineal gland were sequenced, and it was verified that they were authentic fragments of Cyp7b (GenBank accession no. AB329632), Hsd3b (GenBank accession no. FJ607242), Srd5a (GenBank accession no. XM001235446), Cyp17 (GenBank accession no. AB281617), Hsd17b (GenBank accession no. NM204943), and Cyp19 (GenBank accession no. AF533667) cDNAs.
To demonstrate neurosteroid formation in the quail pineal gland, pineal gland homogenates of male chicks at P7 were incubated with tritiated PREG as a precursor, and radioactive metabolites were analyzed by reversed-phase HPLC as described previously (18) (19) (20) (21) . The radioactive metabolites corresponding to 7α-and/or 7β-hydroxypregnenolone (7α-and/or 7β-OH PREG; Fig. 2B ) and PROG (Fig. 2E ) increased in a time-dependent manner. These metabolites were reduced by the treatment of ketoconazole, an inhibitor of cytochrome P450s (Cyps) (Fig. 2B ), or by trilostane, an inhibitor of 3β-HSD (Fig. 2E ). ALLO and/or epipregnanolone (EPI; 3β,5β-tetrahydroprogesterone), 5α-dihydroprogesterone (5α-DHP), and androstenedione (AD) were produced from the precursor PROG (Fig. 2H ). Ketoconazole and finasteride, an inhibitor of 5α-reductase, reduced the productions of these metabolites (Fig.  2H ). Testosterone (T) was produced from the precursor AD (Fig.  S1B ). 5α-and/or 5β-Dihydrotestosterone (5α-and/or 5β-DHT) and E2 were produced from the precursor T (Fig. S1E) , and ketoconazole and finasteride reduced these products (Fig. S1E) . Isoforms, such as 7α-and 7β-OH PREG; ALLO and EPI; and 5α-and 5β-DHT were not separated by the retention times in HPLC.
Neurosteroid formation in the pineal gland was further confirmed by GC-SIM analysis as described previously (16) (17) (18) (19) (20) (21) . Derivatives of the authentic 7α-and 7β-OH PREG, PROG, ALLO, EPI, AD, T, 5α-and 5β-DHT, E2, and the metabolites of nonradioactive steroids produced by the pineal gland were applied to GC-SIM analysis (m/z 386 for 7α-and 7β-OH PREG, m/z 510 for PROG, m/z 514 for ALLO and EPI, m/z 482 for AD, m/z 680 for T, m/z 486 for 5α-and 5β-DHT, and m/z 664 for E2). The isoforms 7α-and 7β-OH PREG (Fig. 2C) ; ALLO and EPI (Fig. 2I) ; and 5α-and 5β-DHT (Fig. S1F ) had different retention times in GC-MS, respectively, unlike HPLC. The neurosteroids produced in the pineal gland were thus identified as 7α-and 7β-OH PREG (Fig.  2C) , PROG (Fig. 2F ), ALLO and EPI (Fig. 2I) , AD (Fig. 2J) , T (Fig. S1C) , 5α-and 5β-DHT (Fig. S1F) , and E2 (Fig. S1G ).
ALLO and 7α-OH PREG Are Abundantly Synthesized and Released from the Quail Chick Pineal Gland. To identify major neurosteroids synthesized in the pineal gland, the pineal glands were cultured in medium 199 with [ 3 H]PREG as a precursor. PREG was converted primarily to 7α-and/or 7β-OH PREG shown in blue and to ALLO and/or EPI shown in red by the pineal gland ( Fig. 3 A and B) .
We then compared the syntheses of these major neurosteroids by HPLC and the expressions of their steroidogenic enzyme mRNAs by real-time PCR in the pineal gland among both sexes of adult and juvenile quail. The synthesis of 7α-and/or 7β-OH PREG and the expression of Cyp7b mRNA were detected in both sexes of adults and juvenile quail, but there was a clear age difference in each parameter (Fig. 3C ). 7α-and/or 7β-OH PREG synthesis and Cyp7b mRNA expression were greater in juveniles than in adults in both sexes (Fig. 3C ). ALLO and/or EPI synthesis and Srd5a mRNA expression were also greater in juveniles than in adults in both sexes (Fig. 3F) . The syntheses of these major neurosteroids and the expressions of their steroidogenic enzyme mRNAs in the pineal gland were compared with those of different brain regions. 7α-and/or 7β-OH PREG synthesis and Cyp7b mRNA expression were greater in the pineal gland than in the cerebellum and diencephalon (Fig. 3D ). ALLO and/or EPI synthesis and Srd5a mRNA expression were also greater in the pineal gland than in the cerebellum and diencephalon (Fig. 3G) .
To investigate neurosteroid release from the pineal gland, the pineal glands were cultured in medium 199, and major neurosteroids were measured by GC-MS. Significant amounts of 7α-OH PREG and ALLO were released from the pineal gland into the culture medium, unlike 7β-OH PREG and EPI (Fig. 3 E and H) . In sum, 7α-OH PREG and ALLO were major products secreted by the pineal gland (Fig. 3I) .
Pineal ALLO Saves Purkinje Cells from Cell Death in Px Quail Chicks.
To investigate whether ALLO and 7α-OH PREG, major pineal neurosteroids, or melatonin, a major hormone of the pineal gland, are involved in Purkinje cell survival in the male juvenile quail, Px was performed at P2, and 7α-OH PREG and ALLO were injected daily, or quail chicks were s.c. implanted with a silastic plate containing melatonin (22) from P2 to P7. Px at P2 significantly decreased the number of Purkinje cells in lobes I-VIII at P21 (Fig. 4 A and B and Fig. S2A ). Px decreased ALLO concentration in the cerebellum at P7 compared with control (Fig. 4C ). Daily injection of ALLO to Px quail chicks from P2 to P7 improved Purkinje cell survival in lobes II-VII at P21 (Fig. 4 A and B and Fig. S2A ) and increased ALLO concentration in the cerebellum at P7 compared with Px quail chicks (Fig. 4C) . On the contrary, daily injection of 7α-OH PREG or melatonin to Px quail chicks from P2 to P7 did not increase Purkinje cell survival (Fig. 4 A and B and Fig. S2A ).
The effect of ALLO and 7α-OH PREG on Purkinje dendritic length in lobes IV and IX were investigated among the five groups (control, Px, Px + 7α-OH PREG, Px + ALLO, and Px + melatonin) because the number of Purkinje cells in lobe IV was most vulnerable to Px and Px did not affect Purkinje cell numbers in lobe IX (Fig. 4 A and B and Fig. S2A ). In contrast to the number of Purkinje cells, there was no significant difference in the maximal dendritic length of Purkinje cells among the five groups in lobes IV and IX (Fig. 4B and Figs. S2A and S3).
To investigate whether melatonin influences the synthesis of ALLO and/or EPI in the cerebellum and circulating ALLO in the male juvenile quail, Px was performed at P2 and the quail chicks were s.c. implanted with a silastic plate containing melatonin or vehicle (22) . Px or melatonin administration did not influence the synthesis of ALLO and/or EPI in the cerebellum and circulating ALLO in the male juvenile quail (Fig. S4) .
Pineal ALLO Reaches the Adjacent Cerebellar Purkinje Cells by Diffusion. To better understand the mechanism of how pineal ALLO reaches the adjacent cerebellar Purkinje cells, Px was performed at P2, and ALLO concentration was measured in the rostral (lobes II-V) and caudal (lobes VI-IX) cerebellum of quail chicks. Px decreased ALLO concentration only in the rostral cerebellum and not in the caudal cerebellum 12 h after Px (Fig. 4E) . To further investigate whether pineal ALLO reaches the cerebellum by diffusion in the juvenile quail at P2, [ plays an important role in Purkinje cell death in vertebrates (23, 24) . Caspase-3 is a crucial mediator of apoptosis (23) , including in birds (24, 25) . Accordingly, the expression of caspase-3 and the fragmentation of nuclear DNA were analyzed in Px quail chicks and Px plus ALLO-administrated quail chicks from P3 to P7.
Px significantly increased the number of Purkinje cells that expressed active caspase-3 in lobe IV of P3 and P5 quail chicks compared with control ( Fig. 5 A and B) . In contrast, daily injection of ALLO to Px chicks decreased the number of Purkinje cells expressing active caspase-3 at P3 and P5 (Fig. 5 A and B) . On the other hand, the effect of Px or ALLO administration on active caspase-3 expression was not observed at P7 (Fig. 5 A and  B) . Px or ALLO administration had no effect on active caspase-3 expression in lobe IX (Fig. 5 C and D) .
DNA fragmentation was further investigated by terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) in Purkinje cells in lobe IV. There was no effect of Px or ALLO administration on the number of TUNEL-positive Purkinje cells at P3 (Fig. 5 E and F) . However, Px significantly increased the number of TUNEL-positive Purkinje cells compared with control at P5 and P7 (Fig. 5 E and F) , and daily injection of ALLO to Px quail chicks decreased the number of 
Discussion
A series of experiments using molecular and biochemical techniques has demonstrated that the pineal gland is a major neurosteroidogenic organ that produces a variety of neurosteroids de novo from cholesterol in the juvenile quail, a demonstration of de novo neurosteroidogenesis in the pineal gland in a vertebrate class. Importantly, ALLO and 7α-OH PREG were exceedingly produced in the pineal gland compared with the brain. These major pineal neurosteroids were abundantly released from the pineal gland ( Fig.  3 E and H; Fig. S2 ). These results suggest that pineal ALLO and/or 7α-OH PREG play important roles in the juvenile quail. It has been reported that Px induces Purkinje cell loss in the developing cerebellum of chicks (2) . In this study, we hypothesized that pineal ALLO and/or 7α-OH PREG may facilitate Purkinje cell survival in the juvenile quail. To test this hypothesis, we conducted a series of experiments using Px quail chicks. Px decreased the number of Purkinje cells in the cerebellum of quail chicks at P21, suggesting that pineal ALLO and/or 7α-OH PREG may be involved in the survival of Purkinje cells in the cerebellum during development. Administration of ALLO but not of 7α-OH PREG to Px quail chicks from P2 to P7 facilitated Purkinje cell survival. Accordingly, ALLO secreted by the pineal gland may contribute to Purkinje cell survival during development. Although 7α-OH PREG did not facilitate Purkinje cell survival, this neurosteroid enhances locomotor activities of quail (21) and chickens (13) .
Neuronal cell death is an essential feature of developing nervous systems and neurodegenerative diseases (26) (27) (28) . Most Purkinje cells in cerebellar organotypic culture die when sampled from 1-to 5-d-old mice, whereas they survive when sampled before or after these ages (29, 30) . This critical period correlates with a time window when Purkinje cells are engaged in intense synaptogenesis and dendritic remodeling. Our present study suggests that ALLO secreted by the pineal gland is involved in Purkinje cell survival during the critical period of intense synaptogenesis and dendritic remodeling.
Px did not decrease the number of Purkinje cells in the posterior lobes IX and X, unlike the anterior lobes I-VIII. It is well known that cerebellar defects are preferentially localized to the anterior (lobes I-V) and central (lobes VI and VII) lobes (31-33).
It was shown in the study of Niemann-Pick type C (NP-C) mice that ALLO is synthesized in the cerebellum and involved in Purkinje and granule cell survival in the developing cerebellum (12) . According to Langmade et al. (32) , Purkinje cell number was reduced in npc1 −/− mice, a model of NP-C disease, compared with WT mice. The greatest loss of Purkinje cells occurred in lobes I-IV, and the loss was not apparent in lobes IX and X (32). Thus, NP-C disease primarily affects the anterior lobes of the cerebellum, which were also affected by Px and ALLO treatment in this study. We found that the pineal gland is an important source of ALLO in the cerebellum (Fig. 4 C-F and Fig. S2 ). The present and previous studies (12, 32) suggest that pineal ALLO and cerebellar ALLO are involved in Purkinje cell survival during development (Fig. S2) .
It is known that in birds and mammals Px induces cell loss in the brain, including loss of Purkinje cells during development (1, 2) . Although the neuroprotective action of pineal melatonin is known in birds and mammals (34, 35) , it has also been reported that melatonin does not fully ameliorate Purkinje cell loss during development (36) . These observations suggest that certain other component(s) in the pineal gland may contribute to Purkinje cell survival during development. In this study, pineal melatonin did not facilitate Purkinje cell survival during development (Fig. 4 A  and B) and did not affect cerebellar ALLO and/or EPI synthesis and circulating ALLO level in the male juvenile quail (Fig. S4) . These results suggest that pineal ALLO but not melatonin acts as an important component of the pineal gland for Purkinje cell survival during development.
Pineal ALLO concentration (more than 200 pmol/g tissue in the intact pineal gland) was much higher than ALLO concentration in the cerebellum (around 40 pmol/g tissue in the intact cerebellum) (Fig. 4D) . These concentrations of ALLO were physiologically relevant compared with ALLO concentration (10-100 pmol/g tissue in the brain) in other vertebrates (37) . Px decreased ALLO concentration only in the rostral cerebellum 12 h after Px (Fig. 4E) . (Fig. 4F) . These results suggest that pineal ALLO reaches the adjacent cerebellar Purkinje cells by diffusion. In addition, the effect of pineal ALLO on the prevention of Purkinje cell death seems to be restricted to the anterior (lobes I-V) and central (lobes VI and VII) lobes of the cerebellum, which might also be taken as evidence that ALLO acts simply by diffusion (Fig. S2) . Nevertheless, we cannot exclude the possibility of an anatomical link (e.g., blood vessels) from the pineal gland to the cerebellum. The intracellular signaling pathway exerting a neuroprotective effect of ALLO in the brain was poorly understood, although the involvement of the GABA A receptor was suggested (12, 38) . Our results suggested that pineal ALLO exerts antiapoptotic effects in Purkinje cells by suppressing active caspase-3 expression in the early stage of neuronal development. Px significantly increased the number of Purkinje cells that expressed active caspase-3 in lobe IV of P3 and P5 quail chicks, and daily injection of ALLO to Px quail chicks decreased the number of Purkinje cells expressing active caspase-3 at these ages. The increase in active caspase-3 expression by Px at P3 and P5 may have led to DNA fragmentation at P5 and P7. Apoptosis following DNA fragmentation is one of the mechanisms controlling neuronal cell number in the brain. The massive loss of neurons in many regions of the developing brain, including Purkinje cells, provides quantitative adjustment of populations of interconnecting neurons (39) . It is therefore considered that pineal ALLO may play important roles in the prevention of Purkinje cell death and the formation of neuronal circuits in the developing cerebellum.
Materials and Methods
Japanese quail, Coturnix japonica, at various ages were used in this study. Quail were incubated under daily photoperiods of 12-h light/12-h darkness cycles with the light provided by white fluorescent lamps. Pineal glands were isolated from the light-exposed animals at zeitgeber time 6. To analyze the expressions of steroidogenic enzyme mRNAs, RT-PCR analyses were conducted according to our previous methods (10, 11, 13) . To assess neurosteroid formation in the quail pineal gland, conversions of substrate steroids were measured biochemically by HPLC and GC-MS according to our previous methods (18) (19) (20) (21) . To investigate whether pineal neurosteroids or melatonin are involved in Purkinje cell survival during development, Px at P2 and administration of ALLO, 7α-OH PREG, or melatonin from P2 to P7 were conducted using juvenile quail. Px and sham operation on P2 chicks were performed as described previously (22) . Quantification of Purkinje cells was performed by counting the number of calbindin-immunoreactive cell bodies in the Purkinje cell layer in each lobe. ALLO concentration after Px was measured by GC-MS. Diffusion of [ 3 H]ALLO administrated close to the pineal lumen was measured by liquid scintillation counter. Furthermore, the factor that mediates the neuroprotective effect of pineal ALLO in Purkinje cells was investigated. Parasagittal cerebellar sections of chicks at P3, P5, and P7 were analyzed by IHC with an antibody against cleaved caspase-3, a key protease in the apoptotic pathway (23) (24) (25) , and by TUNEL to detect apoptotic cells as described previously (22) . Details are described in SI Materials and Methods.
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SI Materials and Methods
Animals. Japanese quail, Coturnix japonica, at various ages were used in this study. Quail were incubated under daily photoperiods of 12-h light/12-h darkness cycles with the light provided by white fluorescent lamps. Pineal glands were isolated from the light-exposed animals at zeitgeber time 6. The experimental protocol was approved in accordance with the Guide for the Care and Use of Laboratory Animals of Waseda University.
PCR Protocol for Sex Determination. Sexes of juvenile quail were determined by PCR to detect genomic size differences of the chromo-helicase-DNA-binding protein (CHD) between W (male) and Z (female) chromosomes (1). To isolate genomic DNA, brain tissue was lysed in 100 μL of digestion buffer [10 mM Tris·HCl (pH 8.0)/150 mM NaCl/10 mM EDTA/0.1% SDS] with 2 μg of Proteinase K at 65°C overnight, extracted with phenol/chloroform/ isoamyl alcohol (25:24:1), and precipitated in ethanol. The primers (Table S1 ) bind both CHD-W and CHD-Z. PCR was performed at 94°C for 5 min for 1 cycle, followed by 94°C for 1 min, 54°C for 1 min, and 72°C for 1 min for 32 cycles. Males had one band at ∼1,000 bp from CHD-W, and females had two bands, one at ∼1,000 bp from CHD-W and the other at 267 bp from CHD-Z.
RT-PCR Analyses of Neurosteroidogenic Enzyme mRNAs. Total RNA was extracted from the quail pineal gland with Sepazol-RNA I Super (Nacalai Tesque) and reverse-transcribed (2-4). All PCR amplifications (for StAR, Cyp11a, Cyp7b, Hsd3b, Srd5a, Cyp17, Hsd17b, and Cyp19) were performed in a reaction mixture containing Bio Taq polymerase (Bioline), 0.2 mM dNTP, and 0.5% dimethyl sulfoxide using a thermal cycler (3, 4) . Forward primers and reverse primers (Table S1) were designed according to the nucleotide sequence of quail and chicken steroidogenic enzyme mRNAs. β-Actin, a housekeeping gene, was used as control. The PCR condition was the following: 1 cycle of 5 min at 94°C, 30 cycles of 15 s at 94°C, 15 s at 60°C, 15 s at 72°C, and, finally, 1 cycle of 10 min at 72°C.
Biochemical Analysis of Pregnenolone Formation from Cholesterol.
To assess pregnenolone (PREG) formation from cholesterol in the quail pineal gland, conversion of [ 3 H]cholesterol (specific activity, 53.0 Ci/mmol; PerkinElmer) to [ 3 H]PREG was measured biochemically using organ-cultured pineal glands. Biochemical analysis in this study was performed as described previously (3, 5, 6) . In brief, five pineal glands were cultured in medium 199 (medium 199 supplemented with 10 mM Hepes-NaOH at pH 7.4, 100 U/mL penicillin, and 100 μg/mL streptomycin; Invitrogen) containing 210 nM [ 3 H]cholesterol, 2% (vol/vol) propylene glycol, 1% protease inhibitor mixture (Nacalai Tesque) for 0, 12, or 24 h at 37°C. The homogenates were incubated in a water-saturated atmosphere (80% O 2 , 5% CO 2 ) to maintain the pH at 7.4. After incubation, steroids were extracted by ethyl acetate and subjected to HPLC analysis by using reversed-phase column, Capcell Pak C18 MG (Shiseido). The HPLC was performed with an isocratic condition of acetonitrile/isopropanol (60:40, vol/vol) at a flow rate of 0.3 mL/min. The eluate was counted in a flow scintillation analyzer (Radiomatic 525TR; PerkinElmer). Reference standards of tritiated cholesterol and PREG were chromatographed to detect their elution positions. To confirm the involvement of P450scc in the formation of PREG, five pineal glands and [ chicken Cyp11a was amplified from chicken pineal gland cDNA using the chicken Cyp11a primers (Table S1 ) and subcloned into the mammalian expression vector pcDNA3.1/V5-His-TOPO (Invitrogen). Positive colonies were selected and subcultured, and the plasmid DNAs were purified by the Wizard plus SV minipreps DNA purification system (Promega). COS-7 cells were supplied from the Riken Cell Bank and maintained in DMEM (Sigma) supplemented with 10% (vol/vol) FBS, penicillin (50 U/mL), streptomycin (50 μg/mL), and Hepes (10 mM, pH 7.4). Transfection was performed with the TransFast transfection reagent (Promega) as described previously (8, 13) . After transfection, the cells were harvested, centrifuged (10,000 × g for 5 min at 4°C), and stored at -80°C. Electrophoresis of proteins (3 μg each) derived from the quail pineal gland and extracts of COS-7 cells transfected with chicken Cyp11a cDNA was performed in 12.5% polyacrylamide gels. After transferring to a polyvinylidene fluoride membrane, the membrane was incubated with anti-human P450scc antibody at 1:1,000 dilution at 4°C overnight and then with goat anti-mouse IgG-horseradishperoxidase conjugate diluted at 1:1,000 for 1 h. The immunoreactive band was detected in the pineal gland or extracts of COS-7 cells transfected with chicken Cyp11a cDNA by using ECL prime Western blotting detection system (GE Healthcare). To confirm the specificity of the immunoreaction, the primary antibody was preadsorbed with chicken P450scc protein (10 μg/mL).
Immunohistochemistry of P450scc. Immunohistochemical localization of P450scc was performed as described previously (8, 9) . In brief, quail chicks at P7 were terminated by decapitation. The brains were fixed in 4% (vol/vol) paraformaldehyde solution overnight, and after formic acid decalcification they were soaked in a refrigerated sucrose solution [30% (vol/vol) sucrose in 0.1 M phosphate buffer]. Whole brains were frozen in optimal cutting temperature (OCT) compound (Miles) and sectioned transversely at a 20-μm thickness on a cryostat at -20°C. After blocking nonspecific binding with 5% (vol/vol) normal goat serum and 1% BSA in PBS containing 0.5% Triton X-100, the sections were immersed overnight at 4°C in 1:100 dilution of mouse anti-human P450scc antibody (Abcam). The sections were then incubated for 60 min with Alexa Fluor 555 anti-mouse IgG (Invitrogen) at a dilution of 1:1,000 and examined with a fluorescence microscope (Leica).
Quantification of Steroidogenic Enzyme mRNA Expressions. To compare the expressions of Cyp7b and Srd5a mRNAs in the quail pineal gland, cerebellum, and diencephalon of both sexes at posthatch day 7 (P7) and P90, real-time PCR was conducted by using the StepOnePlus system (Applied Biosystems) as described previously (8) . The oligonucleotide primers used in real-time PCR are listed in Table S1 . β-Actin was used as the internal standard. The reaction mixture contained SYBR Green Real-Time PCR Mix (Toyobo), 400 nM each of forward and reverse primers, and 30 ng of cDNA in a final volume of 20 μL. PCR was run with a standard cycling program of 95°C for 3 min, 40 cycles of 95°C, 15 s; 60°C, 15 s; and 72°C, 15 s. An external standard curve was generated by a serial 10-fold dilution of cDNA obtained from the diencephalon, which had been purified, and its concentration was measured. To confirm the specificity of the amplification, the PCR products were subjected to a melting curve analysis and gel electrophoresis. The results were normalized to the expression of β-actin using the StepOnePlus 2.0 software (Applied Biosystems).
Quantification of Neurosteroid Syntheses. To compare neurosteroid syntheses in the pineal gland, cerebellum, and diencephalon of both sexes at P7 and P90, quail were terminated and tissues were dissected. Each homogenate containing 20 mg of the tissue was incubated separately with tritiated PREG or PROG for 30 min at 37°C. After incubation, the extracted steroids were subjected to HPLC analysis as described previously (4, 7-13).
Quantification of Neurosteroid Release. The quail pineal gland, cerebellum, and diencephalon were isolated from the light-exposed animals and cultured in 500 μL of medium 199 in 12-well plates (each well containing 5 mg of tissue) at 37°C under 5% CO 2 /80% O 2 . After 6 h of culture in the light, neurosteroids secreted into the medium were extracted by ethyl acetate and subjected to GC-SIM analysis to measure the concentrations of 7α-OH PREG, 7β-OH PREG, ALLO, and EPI as described previously (2, 8, 9, 12, 13, 15, 16) .
Quantification of the Number and the Dendritic Length of Purkinje Cells. To investigate whether neurosteroids are involved in Purkinje cell survival in quail, pinealectomy (Px) at P2 and daily injection of ALLO or 7α-OH PREG were conducted using posthatched male quail chicks. Px and sham operation for P2 quail chicks were performed under nembutal anesthesia (40 mg/ kg) as described previously (18) . After the surgery, ALLO (30 ng/ 5 μL) or 7α-OH PREG (30 ng/5 μL) dissolved in sesame oil was injected into the pineal gland region of the quail chick brain once per day, for 6 d, during P2-P7. For daily injection of neurosteroids, a 5-μL volume of each reagent was injected at coordinates 1.0 mm lateral to the pineal gland region and 1 mm deep vertically to the surface of the skull as described in our previous study (19) (20) (21) . The injection sites were confirmed at autopsy, and the samples were discarded if the injection site was not at the correct position. We injected 30 ng of 7α-OH PREG or ALLO once a day because ALLO and 7α-OH PREG released from the pineal gland were estimated to be around 4-6 ng/6 h of incubation. Control animals were treated with an equal volume of vehicle (sesame oil). Px quail chicks were s.c. implanted with a silastic (silicone type) plate containing melatonin (10 mg per plate) or vehicle as described in our previous study (18) . The injection site was determined by visually inspecting the brains of the quail injected with 5 μL of 0.15% methylene blue dissolved in saline. After decapitation under deep anesthesia, cerebella of control, Px, ALLO, 7α-OH PREG, or melatonin-treated quail chicks at P3, P5, P7, and P21 were dissected. Cerebellar sections from 4% (vol/vol) paraformaldehyde-fixed brains were processed and stained with anticalbindin D-28k (Swant Swiss antibodies) as described previously (19) (20) (21) . The number of calbindin-immunoreactive cell bodies of Purkinje cells was counted in the cerebellar lobes I-X at P21. The length of the molecular layer in the parasagittal section was evaluated as the maximal Purkinje dendritic length as described previously (19) (20) (21) .
Quantification of ALLO Concentration in the Cerebellum. The concentration of ALLO in the whole cerebellum, rostral cerebellum, or caudal cerebellum of quail chicks was measured by GC-SIM analysis. To measure the concentration of ALLO, cerebella of control, Px, and ALLO-treated quail chicks were dissected after decapitation under deep anesthesia. Cerebella were subdivided into two regions: rostral cerebellum or caudal cerebellum. Each cerebellar tissue was combined to the total weight of ∼500 mg and applied to GC-SIM analysis as described previously (2, 8, 9, 12, 13, 15, 16) .
Quantification of ALLO and/or EPI Synthesis. To investigate whether melatonin influences the synthesis of cerebellar ALLO and/or EPI in the male juvenile quail, Px was performed at P2, and the quail chicks were s.c. implanted with a silastic plate containing melatonin (10 mg per plate) or vehicle (18) . After decapitation under deep anesthesia, cerebella of control, Px, or melatonin-treated quail chicks at P3 were dissected and applied to HPLC analysis as described above.
Quantification of ALLO Concentration in Serum. Trunk blood was collected into heparinized glass tubes and centrifuged at 1,800 × g for 20 min at 4°C. Individual plasma of quail chicks at P3 was stored at -20°C. Plasma samples (1 mL each) were homogenized in an aliquot of methanol/H 2 O [75:25 (vol/vol); 9 mL] on ice. The samples were passed through the C-18 cartridge column, and the neurosteroid fractions were eluted with methanol, dried, and applied to GC-SIM analysis as described above. 
